Mechanical abrasion is an extremely simple, rapid, and low cost method for deposition of carbonbased materials onto a substrate. However, the method is limited in throughput, precision, and surface compatibility for drawing conductive pathways. Selective patterning of surfaces using laser etching can facilitate substantial improvements to address these current limitations for the abrasive deposition of carbon-based materials. This study demonstrates the successful on-demand fabrication of fully-drawn chemical sensors on a wide variety of substrates (e.g., weighing paper, polymethyl methacrylate, silicon, and adhesive tape) using single-walled carbon nanotubes (SWCNTs) as sensing materials and graphite as electrodes. Mechanical mixing of SWCNTs with solid or liquid selectors yields sensors that can detect and discriminate parts-per-million (ppm) quantities of various nitrogen-containing vapors (pyridine, aniline, triethylamine).
Introduction
Chemical sensors that identify and monitor volatile organic compounds (VOCs) have an important role in assessing public security, food and water quality, industrial environment, and health. [1] [2] [3] [4] [5] [6] [7] For example, it would be useful to detect residual volatile organic compounds (VOCs) in consumer goods such as food, 8, 9 shelter, 9,10 clothing, 11 and medicine 9 and to protect workers from occupational exposure. Presently, the monitoring and determination of the chemical components of gas samples is typically done using gas chromatography-mass spectrometry (GC-MS). [10] [11] [12] [13] This technique, although highly sensitive and selective, has the disadvantages of limited portability, high cost, and requirement of highly trained users.
Carbon nanotubes (CNTs), are useful materials in chemical sensing as a result of the sensitivity of their electrical conductance to the presence of chemical analytes. 3, 5, 14 A productive route to enhancing the selectivity and sensitivity of these materials to specific analytes is covalent or non-covalent functionalization with polymers, metals, or small molecules. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Straightforward integration of these materials into devices on various substrates can yield simple, portable, and low-power sensors and arrays capable of detecting and differentiating a wide variety of vapors at parts-per-million (ppm) concentrations. 16, 17, 19, 20, 22, 23, [26] [27] [28] [29] [30] [31] [32] The fabrication of sensing devices by printing [33] [34] [35] [36] [37] [38] , dip coating 36, 38, 39 , drop casting 40 , photolithography 41 , or drawing [34] [35] [36] [37] [38] [39] [42] [43] [44] has advantages of being simple and low-cost without the need for highly specialized facilities. Drawing is particularly attractive because it directly deposits carbon-based solid composite materials that require no solution-phase processing. 33, 34, 36, 38, 42, 43 Recently, we 42, 43 and others 33, 34, 38 have developed methods for the fabrication of carbon-based sensors on the surface of paper by drawing. Taken together, these methods are capable of producing functional chemiresistors 34, 38, 42, 43 , electrochemical sensors 36, 38 , strain and pressure sensors 34 , and simple electrodes 35, 36, 38, 39, 44 from commercially available starting materials within minutes. Although the abrasive deposition of solid sensing materials on the surface of cellulose paper has made the fabrication of chemical sensors from carbon nanomaterials simple, solvent-free, and easily accessible, there are limitations to this method. The location, size, thickness, and distribution of the resulting conductive carbon "film" is difficult to control and limited by the features of the substrate (e.g., surface roughness and distribution of cellulose fibers on the surface of paper).
Herein we describe a rapid, scalable, portable, and cost-effective approach for the ondemand fabrication of fully-drawn chemical sensing arrays on a variety of different substrates (e.g., paper, plastic, and undoped silicon wafer). This approach is entirely solventfree, requires only small amounts of sensory materials, and is capable of producing highlysensitive chemical sensors. We demonstrate this approach in the context of sensing and differentiating a variety of nitrogen-containing vapors at ppm concentrations. Our demonstration employs solid composites of single-walled carbon nanotubes (SWCNTs) with small molecules as the sensing material and graphite as electrodes. We utilize a previously established method 43 to generate sensing materials, or PENCILs (Process Enhanced NanoCarbon for Integrated Logic), by the mechanical mixing of SWCNTs with commercially available small molecules (solid or liquid). We then utilize DRAFT (Deposition of Resistors with Abrasion Fabrication Technique) to deposit these materials on a variety of substrates. Sequential deposition by mechanical abrasion of sensing materials and commercial graphite pencils on selected etched (weighing paper and PMMA) and nonetched (silicon wafer and adhesive tape) substrates yields precisely fabricated fully-drawn chemiresistive sensing arrays (Figure 1 ).
Results and Discussion

Partially-Drawn Sensors: Mechanical Abrasion of Only Chemiresistive Materials
The successful stepwise fabrication of fully-drawn chemiresistive sensors consist of two separate deposition steps: deposition of sensing materials (SWCNTs) and deposition of electrodes (graphite). In order to measure the performance of each deposition step separately, we fabricated partially-drawn sensors where we evaluated compatibility of various substrates with DRAFT, and then selected four substrates to demonstrate the performance and versatility of the fully-drawn sensors.
Partially-drawn sensors were made by depositing sensing materials by mechanical abrasion (SWCNT:Selector) between and on top of gold electrodes on six different substrates: weighing paper, glass, silicon, alumina, polymethyl methacrylate (PMMA), and adhesive tape. To evaluate the sensory performance of each device, we used pyridine (an industrial hazard 9 ) as a model analyte. To increase the response of the SWCNTs to pyridine vapor we chose to make SWCNT composites with triethyl citrate (TEC), which is a commercial, nontoxic, colorless, and odorless liquid used as a food additive and plasticizer. 45 Mechanical mixing and compression of SWCNTs with TEC can coat and disperse SWCNTs within a solid composite of a PENCIL and enable hydrogen-bonding interactions between the hydroxyl groups of TEC and the lone pair of pyridine, thus enhancing the sensitivity of the SWCNT/TEC composite towards pyridine. These PENCILs are stable under ambient conditions and can be used to produce devices over the course of at least two months without any decrease in sensory performance ( Figure S7 ).
To establish compatibility of substrates with DRAFT we fabricated devices by abrading a composite of SWCNTs and TEC (2:1 wt. ratio) onto six different substrates equipped with gold electrodes (1 mm gap size). The resulting devices generated significant changes in conductance when exposed to 50 ppm pyridine vapour under a constant bias (50 mV). Figure 2A displays normalized conductance traces of devices exposed five consecutive times to 50 ppm pyridine for 30 s with 60 s recovery time on six different substrates. The functionalized CNT chemiresistors have a semi-reversible response towards pyridine for all devices. The first exposure provided the largest response consistently. By exempting the first exposure we lower the coefficients-of-variance of our sensors in response to 50 ppm pyridine between 2-16% (Table S1 ).
To investigate the dynamic sensing range of the substrates, devices were exposed to various concentrations of pyridine (1-550 ppm) for five consecutive cycles of 30 s exposures with 60 s recovery times ( Figure 2B & 2C) . The first exposure to pyridine was excluded from the device's average normalized conductance response as a result of its irreversibility and large variability (~10% coefficient-of-variance at 50 ppm pyridine on weighing paper). The sensors from each substrate can successfully detect pyridine at its permissible exposure limit (1ppm: American Conference of Governmental Industrial Hygienists [ACGIH]) and discriminate it from higher values (e.g., 20 ppm) ( Figure S16 ). Five of the six substrates examined demonstrated a similar magnitude (at 50 ppm pyridine: ΔG/G 0 = 5.2-8.3%) of the conductive response towards pyridine. The sixth substrate, glass, was characterized by the poorest sensing performance (at least 2 times lower) across the range of concentrations examined.
We used profilometry to investigate the surface morphology of the six substrates. From these data we were able to calculate the root-mean-square (RMS) surface roughness of weighing paper (RMS = 2.5 ± 0.7 μm), alumina (RMS = 1.1 ± 0.3 μm), adhesive tape (RMS = 1.7± 0.7 μm), unpolished side of the undoped silicon wafer (RMS = 1.2 ± 0.1 μm), PMMA (RMS = 0.05 ± 0.02 μm), and glass (RMS = 5.9 ± 0.5 nm). The abrasion of the TEC/ SWCNT PENCIL on glass was both challenging and produced non-uniform and poorly distributed films of nanotubes as a result of the hardness and smoothness of the substrate. In order to facilitate the deposition of PENCILs by abrasion on smooth surfaces, we modified substrates (PMMA and glass) by laser or chemical etching. However, the laser-etched glass did not facilitate improved deposition of materials by DRAFT as a result of surface artifacts and cracks on the surface of the glass that we introduced by the etching process ( Figure S4 ).
Graphite Electrodes by Mechanical Abrasion
After investigating DRAFT on various substrates, we endeavoured to produce electrodes by abrasion to yield a fully-drawn CNT-based chemiresistive array. To facilitate the successful design of a fully-drawn chemiresistor, it is imperative that the electrodes of the sensor are substantially more conductive and largely inert to the chemical analytes. To explore this requirement, we compared the response of pristine SWCNTs to the response of a commercial 9B graphite pencil when both were abraded between gold electrodes on the surface of weighing paper (3 sensors each) and exposed to various analytes. The resistive range of the sensors was 1-2 kΩ. The sensing response of graphite was 5 times smaller in response to 277 ppm pyridine than the response of pristine SWCNTs ( Figure S12 ). This study suggests that SWCNTs are much more sensitive materials than graphite towards a wide range of chemical analytes, a difference that should be amplified even further when the sheet resistance of graphite electrodes within a chemiresistor architecture is substantially lower than that of SWCNT-based sensing materials.
Fabrication of Fully-Drawn Chemical Sensors
Fully-drawn sensors have the advantage of being easily fabricated on-demand or replaced. We demonstrate the fabrication and characterize sensing performance of fully-drawn chemical sensors on four different substrates ( Figure 3 ). We implement a two-step fabrication process to generate fully-drawn working devices ( Figure 3A-B) on the unmodified surface of adhesive tape and an unpolished undoped highly resistive (resistance >10000 Ω-cm) silicon wafer. The first step involves drawing a line of sensing material (SWCNT:TEC) approximately 3 mm in length having a resistance of 400-600 kΩ. The second step then generates carbon-based electrodes by abrasion of a graphite pencil on top of the sensing material leaving a 1 mm gap between the electrodes. A stainless steel mask was used as a stencil to guide the deposition of graphite-based electrodes and to protect 1 mm of the CNT-based sensing material from contamination by graphite.
This two-step fabrication method is however limited to surfaces that facilitate efficient abrasion of graphite pencils to generate conductive electrodes (conductive line of 2.2 cm must have a resistance values < 9 kΩ). Graphite does not abrade efficiently on smooth surfaces (e.g., weighing paper and PMMA) and yields electrodes with unacceptably high sheet resistance ( Figure S13 ). This limitation can be overcome by introducing an additional step into the fabrication procedure by increasing surface roughness of the substrate through chemical or laser etching. This additional step has an added advantage of localizing the abrasion of graphite into predefined regions on the chip. Using this strategy, we demonstrate the ability to precisely fabricate fully-drawn working devices on laser-etched surfaces of weighing paper and PMMA (Figure 3C-D) . We believe that this method is transferable to many substrates. Figure 3 successfully demonstrates that the average normalized conductive response of the resulting chemiresistors with carbon-based electrodes is comparable to the standard gold electrode upon exposures to several concentrations of pyridine on various substrates. The plot (Figure 3 ) displays the average normalized conductive responses (first exposure exempt) of at least four devices with either gold electrodes or carbon-based electrodes simultaneously exposed five consecutive times to various concentrations of pyridine for 30 s with 60 s recovery times. The inset displays the normalized conductance trace (additionally normalized to the first exposure) over time of seven devices with either gold electrodes or carbon-based electrodes simultaneously exposed five consecutive times to 50 ppm pyridine for 30 s with 60 s recovery time. Device-to-device variation was investigated between fullydrawn and partially-drawn sensors on 4 substrates (weighing paper, PMMA, silicon, and adhesive tape) using SWCNT:TEC as sensing material and graphite or gold as electrodes. At least 7 devices were exposed 5 consecutive times to 50 ppm pyridine 30 s with 60 s recovery times. The fully-drawn sensors yields slightly higher (1-5%) coefficient-of-variance in response to pyridine compared to the partially drawn sensors (weighing paper: fully-drawn sensor [12%] and partially-drawn sensor [9%]) excluding the first exposure to pyridine (Table S1 & S4) .
Comparing Performance of Fully-Drawn and Partially-Drawn Sensors
Fully-Drawn Sensing Arrays
The fabrication of fully-drawn chemical sensors is a general concept that can be extended to chemical sensing arrays. To illustrate this concept, we generated different sensing materials by mechanical mixing of SWCNTs with a solid selector, two different ionic liquids, or a plasticizer to draw a SWCNT-based chemiresistive array (Figure 4) . The chemical structures of the selectors used are shown in Figure 4A . Selector 1L was discussed earlier for pyridine sensing. Selector 2L and 3L are ionic liquids that have been previously used in conjunction with graphene and a quartz crystal microbalance to detect benzene. 46 Selector 1S is a solid selector with a functional group handle (hexafluoroisopropanol) that has been previously used to detect Dimethyl methylphosphonate (DMMP) vapor via hydrogen-bond acids. [47] [48] [49] [50] These selector:SWCNT composites were abrasion deposited over an etched pattern on the weighing paper. Graphite was then abraded on top of the etched pattern on the weighing paper leaving gap size of 1 mm between the electrodes. The chemiresistive array was then exposed to a variety of gas analytes that can be classified as biomarkers 12, 51 , nerve agents 23, 50 , industrial hazards 9 , quality of food markers 9,51,52 , and gasoline. 13 To investigate the selectivity of the devices that were fully-drawn and placed into array, we exposed the devices five consecutive times to various analytes for 30 s with a 60 s recovery time. The color scale mapping of the average normalized change of conductance (first exposure exempt) of fully-drawn devices is presented in Figure 4B . Each selector had enhancements in sensitivity and selectivity towards certain analytes compared to pristine SWCNTs. As predicted, selector 1S caused the SWCNTs to be more sensitive towards DMMP, however the enhancement was modest (1.3 times higher sensitivity). We speculate that in this formulation the hexafluoroisopropanol group is engaged in intermolecular hydrogen bonding with the aniline moiety thereby reducing the binding of DMMP. The ionic liquid selectors 2L and 3L did not show enhancements towards benzene possibly due to the change in morphology from graphene (flat) to carbon nanotubes (cylindrical) or change in sensing method from monitoring mass change (quartz crystal microbalance) to current change (chemiresistor). However, 2L and 3L did provide high selectivity towards amines and low sensitivity towards other analytes. The lone pair of electrons from the amines can interact with the ionic liquid to possibly cause charge separation thus enhancing the SWCNTs sensitivity and selectivity. Selector 1L displayed the highest sensitivity towards pyridine. The average normalized conductive response (first exposure exempted) of the fully-drawn CNT-based chemiresistive array towards various analytes was analyzed using Principle Component Analysis (PCA) ( Figure 4C ). The four-component array can successfully discriminate nitrogen-containing compounds from one another (pyridine, aniline, and triethylamine) and from other VOCs at low ppm concentration levels. Aniline and triethylamine are additional amines that are of interest since aniline has been reported as a possible biomarker for patients with lung cancer and triethylamine has been reported as a possible biomarker for patients with renal failure. 51 This array lays the groundwork for detecting and differentiating amines of interest in occupational safety.
Conclusion
Abrasion over pre-patterned substrates successfully expands the scope of DRAFT in throughput, precision, and surface compatibility. Etching substrates (e.g., laser or chemical) enhanced the ability to control the location and other structural aspects of conductive carbon structures deposited on a variety of surfaces using DRAFT. This general strategy enabled the fabrication of fully-drawn chemiresistors on weighing paper, PMMA, adhesive tape, and an undoped silicon wafer by mechanical abrasion. Fully-drawn arrays on weighing paper were capable of detecting and discriminating low ppm concentrations of N-containing vapors (pyridine, aniline, and triethylamine). This fabrication methodology does not require specialized facilities (e.g., clean room, thermal evaporator) and can be performed entirely on a desktop (with appropriate ventilation and safety precautions for handling nanomaterials). The method lays the groundwork for expanding the capabilities of the fabrication of functional sensors, circuits, and tags by drawing on a variety of surfaces. This method can also be used towards a more efficient and rapid parallel fabrication of multiple devices by abrading surfaces of carbon materials against pre-pattered substrates. We believe this type of strategy can facilitate controlled deposition of sensing materials and electrodes onto predefined regions on various surfaces.
Experimental Section
Fabrication of PENCILs
Triethyl Citrate (Cat. No. 109290) and 1-Ethyl-3-methylimidazolium tetrafluoroborate (Cat. No. 39736) were purchased from Sigma Aldrich. 2-(4-Aminophenyl)-1,1,1,3,3,3-hexafluoro-2-propanol (Cat. No. B24048) and 1-n-Butyl-3-methylimidazolium hexafluorophosphate (Cat. No. L19086) were purchased from Alfa Aesar. Purified SWCNTs (> 95 % SWCNTs) were provided by Nano-C, Inc (Westwood, MA). All chemicals and reagents were used without further purification, unless noted otherwise. SWCNTs, selector, and 7 mm diameter stainless steel grinding balls were added into a 5 ml stainless steel ball milling vial. The vial was placed into a mixing mill (MM400, Retsch GmbH, Haan, Germany) where the carbon material was mechanically mixed at 30 Hz for 5 min under ambient conditions. The SWCNTs:selector mixture was then placed into a custom-made stainless steel pellet mold with 2 mm internal diameter where the SWCNT composites were compressed (Carver Press, Model # 3912) for 1 min to make PENCILs. Using a stainless steel mask (purchased from Stencils Unlimited, Lake Oswego, OR, http:// www.stencilsunlimited.com), layers of chromium (10 nm) and gold (75 nm) were deposited onto the substrate using thermal evaporation (Angstrom Engineering, Kitchener, Ontario, Canada). There was a 1 mm gap between the metal electrodes. The PENCILs were inserted into a holder (Item No. DA, Alvin Tech DA) and deposited using DRAFT between and on top of the metal electrodes until 100-500 kΩ resistance range was achieved on each substrate (as measured across the electrode gap with a multimeter); except for unpolished side of the silicon wafer, where 6-8 kΩ resistance range was achieved.
Laser-Etching Procedure
A Universal Laser Systems model VLS4.60 equipped with a 60 Watt laser was used for all laser-etching operations. The power, speed, and pulses-per-inch settings were adjusted to provide suitable etching on each substrate type. A listing of exact parameters can be found in the supplemental information (Table S2) .
Fabrication of Fully-Drawn Sensors
The substrates were cleaned as stated previously. PENCILs were inserted into a holder (Alvin Tech DA) and deposited by DRAFT onto a substrate to generate a conductive line approximately 3 mm in length until 400-600 kΩ resistance range was achieved. Carbonbased electrodes with 1 mm gap size were deposited on top of the SWCNTs composites by abrasion using a graphite pencil (Faber-Castell PITT Graphite Pure Woodless 2900 9B) purchased from Artist and Craftsmen (Cambridge, MA). A stainless steel mask protected approximately 1 mm of the sensing material from contamination by graphite. The graphitic layers were deposited until a certain range of sheet resistance was obtained (Table S3) .
Investigation of the Sensory Performance of Devices
The sensor chip was placed in a 2 × 30 pin edge connector and enclosed in a home-made Teflon enclosure equipped with an inlet, an outlet, and an internal channel for gas flow. Measurements of current were performed under a constant applied voltage of 50 mV using a PalmSense EmStat-MUX equipped with a 16-channel multiplexer (Palm Instruments BV, The Netherlands). The current through the sensor was monitored while exposing it to various analytes (delivered using Kin-Tech gas generator: Precision Gas Standards Generator Model 491M-B, La Marque, TX) with dry nitrogen as the carrier gas five consecutive times for 30 s with a recovery time of 60 s.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Mechanical deposition of sensing materials on six different substrates. A) Comparison of changes in conductance of sensing materials deposited on six different substrates in response to five consecutive exposures to 50 ppm pyridine. B-C) The average normalized conductance response (first exposure exempt) of at least six sensors on each substrate upon five consecutive exposures to various concentrations of pyridine for 30 s with 60 s recovery time. Comparison of device performance between fully-drawn sensors (SWCNT:TEC (1:2 wt. ratio) deposited by DRAFT and carbon-based electrodes deposited by mechanical abrasion) verses partially-drawn sensors (SWCNT:TEC (1:2 wt. ratio) deposited by DRAFT and gold electrodes deposited by thermal evaporation). A-D) Average normalized conductive response (first exposure exempt) of at least four fully-drawn sensors (black squares) and partially drawn sensors (white triangles) simultaneously exposed to various concentrations of pyridine for 30 s with 60 s recovery time. Inset: Normalized conductance over time of seven fully-drawn and seven partially-drawn devices. Fully-Drawn Sensor Array. A) Schematic diagram of the selector's chemical structure used in the sensor array. L represents selectors that are liquids (Bp > 200°C) and S represents selectors that are solids at room temperature prior to mixing with SWCNTs. The selectors were mixed with pristine SWCNTs mechanically and compressed into a pellet to make PENCILs. B) Average normalized conductive response (first exposure exempt) to simultaneous exposure to various gas analytes at ppm concentrations 5 consecutive times for 30 s with a 60 s recovery time. The PENCILs were deposited by DRAFT on weighing paper and the carbon-based electrodes (with 1 mm gap size) were deposited by abrasion using graphite pencil on the etched surface of weighing paper. C) Principal Component Analysis
